Abstract-CuO nanowire is an important one-dimensional semiconductor material to assemble and fabricate novel nanoelectronic device, especially molecular or atom device based on single nanowire. However, how to assemble and fabricate nanoelectronic device based on single CuO nanowire remains a big challenge. Here, we proposed a new controllable dielectrophoresis assembly technology, namely dielectrophoretic working space-dielectrophoresis technology, to realize the assembly and fabrication of single CuO nanowire nanoelectronic device. Theoretical analysis and assembly experiments verified the effectiveness of the new technology. By this technology, currently we have successfully fabricated two kinds of single CuO nanowire nanoelectronic device, photodetector and alcohol sensor, from CuO nanowire's preparation, dispersion to assembly. Due to the high sensitivity of single CuO nanowire, the novel alcohol sensor can work at room temperature compared to the CuO nanowires arrays-based sensor working only at high temperature. The proposed technology can also be utilized to assemble and fabricate single-nanowire electronic device based on other materials.
. However, how to effectively assemble and fabricate a single CuO nanowire electronic device remains a big challenge.
Up to now, there are some possible methods to assemble and fabricate single CuO nanowire electronic device. One method is to deposit CuO nanowires on the electrodes array surface [17] , which is an almost random process and the nanowires' number, position and direction cannot be well controlled, obviously it is not suitable for effectively fabricating single nanowire device. Another method is to use focused ions beam system or electron beam induced deposition system to deposit metal line to connect the microelectrodes and the nanowire deposited on the substrate [18] , [19] , although it is a little costly. The third possible method is to use AFM nanomanipulation system or SEM nanomanipulation system to manipulate single CuO nanowire to eventually bridge the microelectrodes as that in carbon nanotube assembly [20] , [21] , however it needs complex nanomanipulation system and the assembly efficiency still needs to be improved. Dielectrophoresis (DEP) is an effective and low-cost method to assemble micro or nano-scale materials to fabricate micro or nano devices. While, as all of the materials are affected by the DEP force in the no-uniform electric field during the traditional DEP process, it is a very challenge work to realize the assembly of a single nanomaterial. For that, here we develop the traditional DEP technology to a controllable dielectrophoretic working space (DWS)-DEP technology, by which we can assemble and fabricate single CuO nanowire electronic device successfully.
In this paper, firstly the CuO nanowires are prepared by thermal oxidation technology, and then they are dispersed by ultrasonic treatment. After that, single CuO nanowire is actuated and assembled by the DSW-DEP technology to fabricate single nanowire electronic device, such as single CuO nanowire photodetector and single CuO nanowire alcohol gas sensor.
II. PREPARATION AND DISPERSION OF CUO NANOWIRES

A. Preparation of CuO Nanowires
The CuO nanowires in this paper are prepared by thermally oxidizing copper foil (purity 99.9%) in air at 500°C [22] . The CuO nanowires grown on the copper substrate are shown in Fig. 1 .
From Fig. 1 , it can be seen that the CuO nanowire arrays vertically grow on the substrate and the diameters of CuO nanowires are relatively uniform. Although the lengths of CuO nanowires are some different, most of them are more than 20 μm. 
B. Dispersion of CuO Nanowires
The CuO nanowires grown on the copper substrates can be transported and dispersed in ethanol by ultrasonic treatment. As CuO nanowires are mechanically brittle, the duration time of ultrasonic treatment should be not more than 3 ∼ 5 s to avoid cutting them too short by the sonication process. Dropped on silicon surface, the dispersed CuO nanowires with diameter about 100 nm can be imaged by AFM as shown in Fig. 2 .
III. ASSEMBLY OF SINGLE CUO NANOWIRE BY CONTROLLABLE DWS-DEP TECHNOLOGY
A. Theoretical Analysis of Controllable DWS-DEP Technology
During the traditional DEP process, theoretically there are many forces applied on the CuO nanowire, such as the DEP force, gravity, buoyancy force, random force of Brownian motion, liquid flow force. Compared with the magnitude of the electrical field forces, the gravity and buoyancy force can be ignored [23] . Moreover, as the media liquid ethanol almost has no conductivity, the AC voltage signal has high frequency and very short duration time, the liquid flow factors, such as electrosmotic flow and electrothermal flow [23] , [21] [22] [23] can also be ignored [21] , [24] . Thus, here only DEP force and Brownian Brownian motion is a presumably random movement of the nanowire suspended in the fluid resulting from the collision with the fast-moving atoms or molecules in the liquid. Due to thermal energy, the nanowire at absolute temperature T has an average kinetic energy kT/2 along each axis, where k is Boltzmann's constant [25] . Its random Brownian motion with velocity along three directions is shown in Fig. 3 .
Thus, the average kinetic energy of the nanowire can be expressed by
The average kinetic energy of nanowire can also be described by thermal energy as
From (1) and (2), we can get the average velocity v of the random motion as
In the liquid, the random force F r caused by Brownian motion balances viscous resistance, thus the random force can be expressed by
where, f r is viscous resistance constant.
From (3) and (4), the random force F r can also be expressed by
Thus the random force F r only depends on temperature. The DEP force arises from an induced dipole moment caused by non-uniform electric field, here it can be calculated as [26] where r, l and σ are respectively the CuO nanowire's diameter, length and conductivity; ε m is the relative permittivity of the liquid; f is the frequency of the applied AC signal. For a nanowire, the DEP force is determined by the real part of the complex depolarization factor K(ω) and the non-uniform electric field |E| 2 . K(ω) mainly determine the magnitude of the DEP force, and |E| 2 determine the magnitude and direction of the DEP force. From (6) , it can be seen that the magnitude of DEP force can be adjusted by the frequency and voltage of the DEP signal. The distribution of the electric field and the magnitude of |E| 2 are shown in Fig. 4 . From Fig. 4 (b) and (d) it can be seen that the magnitude of |E| 2 is obviously very large around the microelectrodes gap and sharply decreases with the distance away from the gap. To a nanowire with constant parameters, as the DEP signal with constant voltage and frequency is applied, the DEP force only depends on the |E| 2 during DEP assembly process, so the DEP force has the same distribution as the |E| 2 . Thus, only when the nanowire is close enough to the microelectrodes gap, the DEP force is large enough to overcome random Brownian force to actuate the CuO nanowire to the microelectrodes. Thus, around the microelectrodes gap, there is a boundary surface which defines a small space, namely DWS, where the DEP force is large enough to overcome Brownian force to actuate and assemble the nanowire to the microelectrodes. To further illustrate this problem, the DEP force distribution is 3-D simulated as shown in Fig. 5(b) , the balanced surface between DEP force and random Brownian force is also 3-D simulated as shown in Fig. 5(c) .
According to DEP force distribution shown in Fig. 5(b) , it can be seen that the DEP force points to the gap or the edges of microelectrodes, and the DEP force reaches maximum near the microelectrodes gaps shown in Fig. 5(b) . When the DEP force magnitude equals the random Brownian force magnitude, it defines a surface of DWS covering the gap and edges of the microelectrodes as shown in Fig. 5(c) , which also means that the nanowires can be assembled at the microelectrodes gap or at the edges.
Because only the nanowire assembled at the microelectrodes gap is effective to the nano-electronic device, only the nanowire in the effective DWS like a semi-sphere shown in Fig. 5(d) has great probability to be assembled at the microelectrodes gap, and this effective DWS can be calculated from the surface of DWS covering the gap shown in Fig. 5(c) . Thus, we can adjust the concentration of CuO nanowires solution to the degree that only one CuO nanowire is in one effective DWS volume, to make sure that only one CuO nanowire is actuated and assembled at the microelectrodes gap, and we call this technology as the controllable DWS-DEP technology, which will be verified by single CuO nanowire assembly experiments.
B. Assembly Results by Controllable DWS-DEP Technology
In the experiments, DEP signal with V p−p (peak-to-peak voltage) 6 V and frequency 0.5 MHz is applied on the microelectrode pairs. According to the DEP parameters and the microelectrode geometry, it can be calculated that the volume of the effective DWS is about 1.8 × 10 −3 μL, thus the corresponding concentration of one nanowire in the effective DWS is about 5.55 × 10 4 /μL. With the concentration well adjusted, CuO nanowires solution is dropped on the microelectrodes gap It can be seen from Fig. 6 that obviously single CuO nanowire well bridges the microelectrodes gap and the assembly direction is also well along the microelectrode. Besides, few CuO nanowires are also assembled at the microelectrode edges as shown in Fig. 6(b) and (d) , which is consistent with the DWS distribution covering the microelectrode edges as shown in Fig. 5(c) . In Fig. 6(a) , we also find there are few short CuO nanowires absorbed at the microelectrodes gap edge, which can be probably ascribed as the following reason. As the smaller mass of those short nanowires makes them easier to get larger velocity of random Brownian motion, it is easier for them to get into the effective DWS and finally be assembled at the microelectrode gap edge. And as those short CuO nanowires can't bridge the microelectrode gap, they have no influence to the single CuO nanowire device. Those experimental results show that single CuO nanowire can be well assembled at the microelectrode gap by the DWS-DEP technology, which means an effective way to fabricate single CuO nanowire electronic device.
IV. SINGLE CUO NANOWIRE ELECTRONIC DEVICES
By CuO nanowire's preparation, dispersion and DWS-DEP technology, some single CuO nanowire electronic devices are fabricated, such as photodetector and alcohol sensor.
A. Single CuO Nanowire Photodetector
Photo-generated carriers could significantly increase the conductivity when semiconductor CuO nanowire is illuminated by photons, and the large ratio of surface to volume is able to further enhance the sensitivity of the nanowire devices to light irradiation. As CuO nanowire has a high photoconductivity gain due to the efficient surface-enhanced electron-hole separation [17] , CuO nanowires has great potential in application of photodetector. Here single CuO nanowire photodetector at room temperature is assembled and fabricated as shown in Figs. 7 and 8.
As CuO has a wide respond spectrum, in our experiments we use a bright white light to show the light sensitivity of the single CuO nanowire device, and here the spot size is large enough to cover the single CuO nanowire based photo-detector. From the photoresponse curve shown in Figs. 7 and 8 , it can be seen that the single CuO nanowire device exhibits a high sensitivity to light intensity of white light. Although there are some impurities at the microelectrodes in Fig. 7 , the impurities still don't bridge the microelectrodes and have no influence to the nanowire photodetector. With 5 V voltage applied on the microelectrodes, the current through the CuO nanowire is detected as light intensity changes from 0 to 420 mW/cm 2 . As the light source turned ON and OFF, the current I S −D has quick responses less than 0.1 s as shown in Fig. 8 . And although the voltage applied is 5 V and the off current is near 0.8 μA, the ratio of I ON /I OFF is still more than 10.
B. Single CuO Nanowire Alcohol Sensor
Several groups had studied on CuO nanowires-based gas sensors, such as H 2 S sensor [9] , [10] , [13] , humidity sensor [6] , [12] , but those sensors are based on CuO nanowires arrays and they still work at high temperature. Here our single CuO nanowire alcohol sensor can work at room temperature. With the CuO nanowire preparation, dispersion and assembly process, single CuO nanowire alcohol sensor is fabricated and then put in the test system as shown in Fig. 9 .
In Fig. 9 , the current through the single CuO nanowire is detected by the semiconductor parameter analyzer. In the testing system, the ethanol gas comes from evaporation of ethanol liquid at 20°C. Then the natural Nitrogen (N 2 ) carry the evaporated ethanol gas to the test chamber and the two gas are mixed there. The mixed gas have 5.59% ethanol gas according to the natural vapor pressure of ethanol at 20°C and the other is nitrogen. With CuO nanowire exposed in alcohol with N 2 or only in N 2 , the I-V curves are shown in Fig. 10 .
From the I-V curves shown in Fig. 10 , it can be seen that the current exposed in alcohol with N 2 is less than the current only in N 2 . The phenomenon of the current changes can be ascribed to the following reasons. As the alcohol molecules will be absorbed on the nanowire, some electrons of the alcohol molecules will be transformed to and assimilated on the CuO nanowire, thus reduces the holes number of the p-type CuO nanowire and eventually reduces the conductivity and the current measured. When the single CuO nanowire is exposed to N 2 again, the current recovers to nearly its initial value. Compared to the nanowires arrays based sensors working only at high temperature [6] , [9] , [10] , [12] , [13] , the single nanowire alcohol sensor can work at room temperature with the reasons probably as follows. In those sensors based on nanowires arrays, the CuO nanowires are protruded from relatively thick CuO substrate through which the detected current passes. As the alcohol molecules assimilated on the CuO nanowire arrays will reduce the numbers of p-type holes, some holes will transfer from CuO substrate to CuO nanowire arrays. And the number reduction of the holes makes the sensors need higher temperature to excite more holes to eventually show enough current change. While in the sensor based on single CuO nanowire, as the alcohol molecules will reduce the nanowire holes number to directly influence the current, single CuO nanowire sensor can work at room temperature with high sensitivity.
V. CONCLUSION
In this paper, we proposed a new controllable DWS-DEP assembly technology, by which we successfully realized the single CuO nanowire assembly. With CuO nanowire preparation, dispersion and DWS-DEP assembly technology, we successfully fabricated single CuO nanowire based photodetector and alcohol sensor working at room temperature. The experimental results of single CuO nanowire assembly and device fabrication proved that the controllable DWS-DEP technology is an effective tool to assemble and eventually fabricate single CuO nanowire nanoelectronic device. By this technology, we can fabricate single nanowire device based not only on CuO nanowire but also on some other different materials, and this kind of single nanowirebased device will have great application potential, for example the single nanowire-based sensor with very tiny scale and extremely high sensitivity can be used in mobile or wearable device in the future.
